ABSTRACT 31 Elevation of core temperature leads to increases in ventilation in both resting subjects and 32 those engaged in prolonged exercise. We compared the characteristics of the hyperthermic 33 hyperventilation elicited during passive heating at rest and during prolonged moderate and light 34 exercise. Twelve healthy men performed three trials: a rest trial in which subjects were passively 35 heated using hot water immersion (41°C) and a water-perfused suit, and two exercise trials in 36 which subjects exercised at 25% (light) or 50% (moderate) of peak oxygen uptake in the heat 37 (37°C and 50% relative humidity) after first using water immersion (18°C) to reduce resting 38 esophageal temperature (T es ). This protocol enabled detection of a T es threshold for 39 hyperventilation during the exercise. When minute ventilation ( ) was expressed as a function 40 of T es , 9 of the 12 subjects showed T es thresholds for hyperventilation in all trials. The T es 41 thresholds for increases in during light and moderate exercise (37.1 ± 0.4 and 42 36.9 ± 0.4°C) were both significantly lower than during rest (38.3 ± 0.6°C), but the T es 43 thresholds did not differ between the two exercise intensities. The sensitivity of to 44 increasing T es (slope of the T esrelation) above the threshold was significantly lower during 45 moderate exercise (8.7 ± 3.5 l·min ) and moderate exercise. These 47 results suggest the core temperature threshold for hyperthermic hyperventilation and the 48 hyperventilatory response to increasing core temperature in passively heated subjects differ 49 from that in exercising subjects, irrespective of whether the exercise is moderate or light. 50 (250 words) 51 52
INTRODUCTION
lead to increases in , but elevation in body temperature. They also suggest that when is 78 plotted against core temperature, it increases linearly as core temperature rises from 38°C to 79 40°C during prolonged exercise. In addition, our laboratory suggests that core temperature but 80 not skin temperature is a strong stimulus for hyperthermic hyperventilation during submaximal 81 exercise at a constant workload (24, 48) . 82 We recently found that when subjects exercise at 50% after first lowering their 83 core temperature by cooling, showed little change until core temperature reached about 84 37.1°C, and above this threshold increased linearly with increasing core temperature; 85 under normothermic conditions, increased linearly without a threshold in response to 86 increases in T es from 37.0°C to 38.6°C (48). The threshold for hyperventilation reported during 87 exercise at a constant workload of 50%
(48) appears to be lower than the reported 88 threshold of 37.8-38.5°C seen at rest (8, 16). Similarly, the threshold for hyperventilation seen 89 during incremental exercise (45, 52) was lower than the value obtained at rest (8). Consistent 90 with those separate observations, a core temperature threshold for increases in respiratory 91 evaporative heat loss (an index of ventilation) has been identified in the same animals during 92 both exercise at a constant workload and passive heating at rest, and the threshold during the 93 exercise is lower than at rest (10, 38, 39). However, no study has examined the core temperature 94 threshold for hyperventilation in the same human subjects during prolonged moderate exercise 95 and passive heating at rest. 96 We previously showed that ventilatory sensitivity to increasing core temperature (the 97 slope of the core temperaturerelation) is significantly lower during exercise at a constant 98 workload of 50% (increases in 8 l·min −1 with respect to 1°C rise in core 99 temperature) than during passive heating at rest (27 l·min . The subjects were non-smokers, none was taking any medication, and each 123 provided written informed consent. The present study was approved by the Human Subjects 124 Committee of the University of Tsukuba. 125 
126
Test 127 was estimated using an incremental cycling exercise to volitional exhaustion 128 (818E, Monark, Sweden; customized for semi-recumbent cycling), as described previously (16, 129 22). In an environmental chamber (Fujiika, Japan) maintained at 25°C and 50% relative 130 humidity, subjects initially performed a light warm-up (30W, 60 rpm) for 3 min and then 131 performed an incremental cycling exercise 1 min later. The incremental exercise was started at 132 60 W, and the load was subsequently increased by 15W every 1 min throughout the exercise. 133 Subjects pedaled at 60 rpm, and volitional exhaustion was defined as an inability to pedal at 134 more than 50 rpm. Expired gas was analyzed using a metabolic cart (RM300i, Minato Medical 135 Science, Japan). The flow sensor was calibrated using an appurtenant calibration syringe that 136 blew a fixed volume (2 liters) of air. The O 2 and CO 2 sensors were calibrated with reference 137 gases of known concentration (O 2 15%, CO 2 5%, N 2 balance).
, oxygen uptake ( ) and 138 carbon dioxide output ( ) were calculated at 60-s intervals. We defined as the 139 highest value of achieved by subjects. 
Experimental Design 142
Subjects performed three trials, which included two exercise trials and a rest trial. The 143 trials were conducted in random order and were separated by at least 6 days. Subjects were 144 instructed to abstain from strenuous exercise, alcohol and caffeine for 24 h before the 145 experimental testing. To standardize their hydration status, the subjects drank 500 ml water on 146 the night before the experiment and consumed only a light breakfast and 500 ml of water 2 h 147 before the experiment. 148
149

Procedures 150
On three separate occasions, subjects came to the laboratory at 8:30 AM and rested for 30 151 min in an environmental chamber maintained at 25°C ambient temperature and 50% relative 152 humidity. During this time, a thermocouple for measuring esophageal temperature (T es ) was 153 inserted through the nasal passage to a distance equivalent to one-fourth of the subject's height. 154 The probe in the esophagus was estimated to be posterior to the lower border of the left atrium 155 (49). Thereafter, the subjects voided urine and body weight was measured. In the exercise trial, 156 subjects moved to the environmental chamber (ambient temperature = 37°C, relative humidity = 157 50%, and wind speed below 0.2 m·s −1 ), where they sat in a chair behind the ergometer to rest for 158 30 min. During this time, a heart rate (HR) monitor, thermocouples for measuring skin 159 temperature, electrodes for electrocardiography, a cuff (on the upper right arm) for measuring 160 arterial blood pressure, and a mask for measuring expired gas were attached. Resting baseline 161 measurements were then collected while the subjects sat for another 5 min. After taking off the 162 cuff and mask, subjects moved to a water tank next to the ergometer and rested for 26.6 ± 2.3 163 min while immersed to the axilla in water at 18°C. This cold water immersion procedure was 164 performed to reduce initial esophageal temperature, as recently described (48). During theimmersion, the subjects did not show a visible shivering response. After subjects toweled dry 166 and voided urine (to prevent the effect of urge to void during subsequent exercise), they put on a 167 water-perfused garment that covered their lower body and sat in the chair behind the ergometer. 168 After the cuff and the mask for measuring blood pressure and expired gas were reattached, 169 resting parameters were recorded for 1-2 min. The subjects then exercised on a cycle ergometer 170 at 25% (light) or 50% (moderate)
while heated water at 47-48°C was circulated 171 through the garment to facilitate a rise in core temperature during the exercise (i.e., the upper 172 body was exposed to 37°C ambient temperature, while the lower body was heated with water at 173 47-48°C). The interval from the time the subjects finished the immersion to the start of exercise 174 was 14.0 ± 4.9 min. The criteria for terminating the exercise were T es reaching 39.0°C or the 175 inability of the subject to continue to cycle at 60 rpm. 176 In the rest trial, core temperature was increased passively, as described previously (16). 177 The experiment was conducted in an environmental chamber maintained at 25°C ambient 178 temperature and 50% relative humidity throughout the trial. After urination and measurement of 179 body weight, a HR monitor, thermocouples and cuff and electrodes for measuring arterial blood 180 pressure were attached to the subjects, who then put on a water-perfused garment that covered 181 their upper body except for the head and hands. The hands were sheathed in cotton gloves. The 182 subjects then sat in a chair in a bath (water temperature = 35°C) immersed up to their iliac crest 183 and rested in a sitting posture while the water from the bath was circulated through the 184 water-perfused garment. After putting on the mask for measuring expired gas, baseline 185 measurements were collected for 5 min while the subjects remained sitting. The temperature of 186 the water in which the lower legs were immersed was then increased to 41°C (i.e., the 187 temperature of the water moving through the water-perfused garment that covered the upper 188 body was also 41°C) and held constant throughout the remainder of the experiment. To assess the effect of precooling on the ventilatory response to increasing core 193 temperature during passive heating at rest, an additional experiment was performed using 4 new 194 subjects (age: 25 ± 2 years, height: 172 ± 5 cm, body weight: 62 ± 6 kg). The procedure for 195 passive heating was the same as in the rest trial described above, except the subjects were 196 immersed to the axilla for 25 min in water at 18°C (precool) T es and skin temperature were measured using copper-constantan thermocouples; values 201 were recorded on a computer (ThinkPad A21p, IBM, Japan) at 1-s intervals via a data logger 202 system (WE7000, Yokogawa, Japan) and averaged over 30-s intervals. Mean skin temperature 203 ( T _ sk ) was calculated from seven skin temperatures weighted to the following regional 204 proportions: 7% forehead, 14% forearm, 5% hand, 7% foot, 13% lower leg, 19% thigh and 35% 205 chest (20). HR was recorded every 5 s using a heart rate monitor (Vantage NV, Polar, Finland) 206 and averaged over 30-s intervals. Blood pressure in the right brachial artery was measured every 207 1 min using an automated sphygmomanometer (STBP-780, Nippon Colin, Japan). Mean arterial 208 pressure (MAP) was calculated as the diastolic pressure plus one-third of the pulse pressure. 209 Expired gas was measured using the same analyzers used in the test, and , tidal 210 volume (V T ), respiratory frequency (f), , , end-tidal CO 2 pressure (P ETCO2 ) and 211 respiratory exchange ratio were recorded on a breath-by-breath basis. 212 
Data Analysis 214
To estimate the relationship between core temperature and ventilatory responses ( , 215 , , V T , f, and P ETCO2 ), we plotted the ventilatory parameters as functions of T es , 216 and conducted linear regression analyses. With respect to the regression analysis in the exercise 217 trial, we used only data obtained after the first 5 min of exercise because it takes 3-5 min for 218 to reach a steady state after a marked increase at the start of the exercise. We used a 219 computer algorithm to determine the thresholds for the increase or decrease in the respective 220 ventilatory parameters as the inflection point where two calculated regression lines crossed, as 221 previously described (16, 24, 48). To calculate the two best-fit regression lines, we chose the 222 two regression lines with the smallest residual sums of squares. Because the breath-by-breath 223 data were too scattered to enable detection of a threshold, 30-s averages of the data were used. 224 The sensitivities of , , , V T , f and P ETCO2 to increasing T es were determined 225 by calculating the slopes of the regression lines. 226 
227
Statistical Analysis 228
, V T and f were selected as important outcome data for the comparison of means. 229 Minimum sample size was calculated on the basis of 80% power and a significance level of 0.05. 230 The minimum sample sizes were estimated to be 7, 8 and 9 for , V T and f , respectively, using 231 the means and standard deviations from Fujii et al. (16 rest trial), we used only the remaining subjects for the ANOVA. Data were collected for 40 min 238 in the moderate exercise trial, 105 min in the light exercise trial, and 35 min in the rest trial. 239 Beyond these times, the numbers of subjects remaining in the trials were too small for useful 240 analysis. One-factor repeated measures ANOVA was used to compare the thresholds and 241 sensitivities of , , , V T , f and P ETCO2 among the three trials. After 242 determination of the main effects, pairwise differences were identified using Bonferroni's 243 multiple comparisons test. All data are reported as means ± SD. Values of P < 0.05 were 244 considered significant. 245
Exercise and passive heating durations and body weights 247 Exercise times were significantly longer in the light exercise trial (113 ± 22 min) than the 248 moderate exercise trial (46 ± 5 min). The passive heating time was 36 ± 6 min. Baseline body 249 weights were nearly identical across trials (65.8 ± 4.7, 66.1 ± 5.2 and 65.9 ± 5.0 kg in the light 250 exercise, moderate exercise and rest trials, respectively). Body weight loss over the course of 251 the light exercise trial (3.5 ± 0.8% body weight loss) was significantly greater than in the 252 moderate exercise (2.2 ± 0.3% body weight loss) or the rest (1.5 ± 0.4% body weight loss) trials, 253 and was greater in the moderate exercise trial than in the rest trial. 254
255
Core temperature and skin temperature 256 Prior to exercise in the light and moderate exercise trials, T es was reduced by cold-water 257 immersion (light exercise 35.8 ± 0.1 and moderate exercise 35.8 ± 0.1°C). After declining 258 during the initial stage of exercise (to 35.6 ± 0.1°C after 10 min of light exercise and 35.7 ± 259 0.1°C after 5 min of moderate exercise), T es increased with time. In the rest trial, T es increased 260 with time after hot-water immersion. Throughout the experiments, T es was significantly higher 261 in the moderate exercise trial than in the light exercise trial at 10-40 min, and higher in the rest 262 trial than the light or moderate exercise trials (Fig. 1A) . The rate of increase in T es did not differ 263 between in the moderate exercise (4.8 ± 0.7°C･h
) and rest trials (4.1 ± 0.6°C･h
), but it was 264 significantly lower in the light exercise trial (1.8 ± 0.3°C･h
) than in the moderate or rest trial. 265 T _ sk increased in the rest trial more than in the light or moderate exercise trials, and was higher in 266 the moderate exercise trial than in the light exercise trial at 20-30 min of exercise (Fig. 1B) . 267 269 was significantly higher during the moderate exercise trial than the light exercise or 270 rest trial, and was significantly higher during the light exercise trial than the rest trial ( Fig. 2A) . 271 V T initially increased and then declined slightly with time in the light and moderate exercise 272 trials, but increased steadily in the rest trial (Fig. 2B) . f increased gradually in all trials and was 273 significantly higher during moderate exercise than light exercise or rest (Fig. 2C) . P ETCO2 274 declined gradually after 10 min of exercise or passive heating at rest, and it was significantly 275 lower in the rest trial than in the light exercise trial at 15-35 min, and was lower than in the 276 moderate exercise trial at 25-35 min (Fig. 3A ). There were also significant differences in 277 and among trials. They were both higher during moderate exercise than during light 278 exercise or passive heating at rest, and lower during rest than during light or moderate exercise 279 (Figs. 3B and C). Respiratory exchange ratio was <1.0 throughout the light and moderate 280 exercise trials. In the rest trial, the respiratory exchange ratio increased gradually from baseline 281 (0.86 ± 0.06) to 35 min (1.17 ± 0.25) and was significantly higher than in the light and moderate 282 exercise trials at 25-35 min (Fig. 3D) . 283 285 HR was significantly higher during moderate exercise than during light exercise or rest, 286 and was higher during the light exercise trials than the rest trials at 5 min and 30-35 min. 287 During the moderate exercise trial, MAP was significantly higher than during the light exercise 288 trial at 5-15 min of exercise and during the rest trial at 5-35 min. 
Ventilatory responses
284
HR and MAP
showed T es thresholds for increases in in all trials, and increased linearly with 293 increasing T es above threshold. The average temperatures at the thresholds were 37.1 ± 0.4, 36.9 294 ± 0.4 and 38.3 ± 0.6°C in the light exercise, moderate exercise and rest trials, respectively. The 295 thresholds in the light and moderate exercise trials did not significantly differ, but were both 296 significantly lower than in the rest trial. Of the three subjects that did not show a threshold in all 297 trials, one showed no threshold in the light exercise trial, and the others showed no threshold in 298 the rest trial. We also observed T es thresholds for increases in f, and and for 299 decreases in P ETCO2 in the 9 subjects showing thresholds in all trials ( Fig. 5 and Table 1 ). A T es 300 threshold for increases in V T was observed in the rest trial, but there was no threshold for V T in 301 the light and moderate exercise trials. The T es thresholds for f, , and P ETCO2 in 302 the light and moderate exercise trials were all significantly lower than in the rest trial, but did 303 not differ between the light and moderate exercise trials. 304 To evaluate the ventilatory responses to increasing core temperature among the trials, we 305 divided the T es range into subranges spanning the temperatures below and above the thresholds. 306 The sensitivities to increasing T es (the slopes of the T es -, , , V T , f and P ETCO2 307 relations) above the thresholds are shown in Table 1 . The sensitivity of to increasing T es 308 during moderate exercise was significantly lower than during rest. The sensitivity of V T was 309 significantly lower during both light and moderate exercise than during passive heating at rest, 310 whereas the sensitivity of f did not significantly differ between the exercise and rest trials. There 311 were also significant differences in the sensitivities of , and P ETCO2 to 312 increasing T es between the exercise and rest trials, though the sensitivities of , , 313 , V T , f and P ETCO2 did not differ significantly between the light and moderate exercise 314 trials. 315 In the experiment examining the effect of precooling on the ventilatory response to 316 This study is, to our knowledge, the first to demonstrate a core temperature threshold for 338 hyperventilation during prolonged moderate exercise and at rest in the same subjects. In earlier 339 studies, core temperature thresholds for hyperventilation were observed in separate subjects at 340 rest (8, 16, 18, 47), during incremental exercise (5, 45, 51, 52) and during prolonged moderate 341 exercise at 50% of (48); however, comparisons of the threshold and hyperventilatory 342 sensitivity to increasing T es above the threshold under exercising and resting conditions had not 343 been investigated in the same subjects. We previously reported that, in passively heated humans 344 during exercise at a constant workload than at rest (10), and in goats hypothalamic temperature 356 thresholds for respiratory evaporative heat loss are about 1.2°C lower during exercise than at 357 rest (38). We therefore suggest that the core temperature threshold for hyperthermic 358 hyperventilation is lower during exercise at a constant workload than during passive heating at 359 rest in both humans and animals. 360 In addition to the threshold for the increase in , we also observed T es thresholds for 361 increases in f during both the exercise and rest trials and for increases in V T in the rest trial. The 362 threshold for the increase in during the exercise trials (light and moderate exercises) was 363 consistent with the value of the threshold for increases in f, whereas the threshold for increases 364 in during the rest trial was consistent with core temperature thresholds for increases in both 365 f and V T . We previously reported separately that the threshold for hyperventilation during 366 prolonged moderate exercise reflects the threshold at which f begins to increase (48), whereas 367 during passive heating at rest the threshold for hyperventilation reflects thresholds at which both 368 indicating that hyperventilation with hyperthermia at rest is attributable to increases in both V T 374 and f (2, 16, 18), though other early studies have suggested that hyperventilation at rest is due to 375 increases in only V T (8, 47) or f (28). 376 We found that ventilatory sensitivity to increasing T es above the threshold for 377 hyperventilation was lower during moderate exercise than during passive heating at rest, which 378 is consistent with our earlier findings (16). Furthermore, our present results showed that the 379 sensitivity of f to increasing T es did not differ between the exercise and rest trials, whereas the 380 sensitivity of V T was lower during moderate exercise than during rest. This suggests that 381 increases in V T , not f, caused a greater hyperventilatory response during rest than during 382 moderate exercise. Fujii et al. (16) is in good agreement with our present results. Similarly, the slope of the relationship between 385 respiratory evaporative heat loss and spinal (10) or hypothalamic (39) temperature in animals is 386 reportedly lower during exercise at a constant workload than at rest. We therefore suggest that 387 both humans and animals ventilatory sensitivity above the threshold for hyperventilation is 388 reduced during exercise, as compared to during passive heating at rest. 389 We used precooling when comparing the T es -relation between the two exercise trials, 390 but did not use precooling in the rest trial, as precooling caused no significant shift in the 391 threshold for hyperventilation or ventilatory sensitivity during passive heating at rest. This 392
makes it unlikely that precooling would account for any important differences in the threshold 393 or sensitivity between exercise and rest. Consistent with that idea, we previously observed that 394 ventilatory sensitivity to increasing T es did not differ between precooling and control 395 (immersion in water at 35°C) conditions before exercise (48). 396 
397
Effect of prolonged light and moderate exercise on hyperthermic hyperventilation 398 Our results suggest that the core temperature threshold for hyperventilation is shifted 399 downward to the same degree during prolonged light (25% ) or moderate (50% ) 400 exercise at a constant workload. Similarly, when Clough & Jessen (10) examined respiratory 401 evaporative heat loss to increasing core (spinal) temperature during exercise at a constant 402 workload at 3 and 6 km/h in two dogs; they found that the core (spinal) temperature threshold 403 for respiratory heat loss does not change systematically. We also found that T es thresholds for 404 increases in f during both light and moderate exercises were nearly identical to the T es thresholds 405 for increases in , whereas V T during both exercises deceased steadily without a threshold in 406 response to increasing T es . This suggests the T es threshold for hyperventilation during prolonged 407 exercise reflects the threshold for increases in f, irrespective of exercise intensity within the 408 range of 25% to 50%
. Because V T was significantly lower during light exercise than 409 during moderate exercise (Fig. 2B ) and therefore did not reach a maximum during light exercise, 410 we suggest that the gradual rise in core temperature evoked by prolonged exercise at a constant 411 workload in the heat strongly stimulates increases in f, not V T , irrespective of exercise intensity 412 (25-50% ), and leads to hyperthermic hyperventilation. 413 Our result suggests that hyperventilatory sensitivity to increasing core temperature is 414 lower during both prolonged light and moderate exercise than at rest. Similarly, Baker & 415 Nijland (3) showed that the slope of the core (atrium) temperature-respiratory evaporative heat 416 multiple-regression analysis to examine the contribution of factors such as exercise intensity (30, 419 50 and 70% of maximal O 2 uptake), blood lactate, environmental temperature, core temperature 420 and physical condition to changes in arterial CO 2 pressure during exercise in sheep. They found 421 that core temperature explained 77% of the variance in arterial CO 2 pressure, whereas exercise 422 intensity explained only 5%. Consistent with that expectation, we found that the slope of the 423 T es -P ETCO2 relation did not differ between light and moderate exercise trials (Table 1) . 424 Although White (50) suggests several factors that could contribute to 425 hyperthermia-induced hyperventilation, there is currently little understanding of the mechanism 426 underlying the difference between hyperthermic hyperventilation during exercise and at rest. 427 One possibility is that increase in the activity of group III and IV afferents, thought to be muscle 428 metaboreceptors and mechanoreceptors, with elevation in the active muscles during exercise (27, 429 34) and increase in efferent output from central command (1, 42) account for the shift in the 430 core temperature threshold for hyperventilation. In addition, reduced chemoreceptor sensitivity 431 might contribute to the decrease in sensitivity of to rising T es during exercise. We and 432 others previously tested whether the response to hyperthermia would be altered when the 433 reduction in P ETCO2 caused by hyperthermic hyperventilation is blocked through inhalation of 434 CO 2 during passive heating at rest (14), light (9) and moderate exercise at a constant workload 435 at 50% in the heat (22). Those earlier studies found that restoration of P ETCO2 to the 436 eucapnic level had no effect on at rest, but it augmented during exercise. This 437 suggests hypocapnic effects mediated by central chemoreceptors could be involved with the 438 reduction in the sensitivity of to rising T es during prolonged exercise. In addition, muscle 439 sympathetic nerve activity and plasma norepinephrine levels reportedly increase as core 440 conditions. It is thus unlikely that changes in peripheral chemoreceptor activity led to the lower 444 threshold for hyperventilation and lower ventilatory sensitivity during light and moderate 445 exercise, as compared to resting conditions. Characterization of the factors that contribute to the 446 differences in threshold for hyperventilation and hyperventilatory sensitivity between humans 447 engaged in exercise and those at rest will require further study. Perhaps, a specific effect of 448 exercise itself might affect the relationship between and core temperature. One way to test 449 this possibility in the future would be to determine the core temperature threshold for 450 hyperventilation and the ventilatory sensitivity to increasing core temperature during passive 451 
movement. 452 453
Limitations 454 Although we found no difference in the T es threshold for hyperventilation or the slope of 455 the T esrelations between light (25% ) and moderate (50% ) exercise 456 intensities, there is the possibility that exercise intensities outside this range could cause a 457 change in the threshold or the slope. However, because both changes in metabolism and 458 elevations in core temperature could be related to increases in during high-intensity exercise 459 above the anaerobic threshold, further research will be needed to determine the effect of 460 exercise intensity below the anaerobic threshold on the ventilatory response to increasing core 461 temperature. 462 It took longer to increase core temperature during light exercise than moderate exercise. 463 As a result, body weight loss was greater (i.e., greater degree of hypohydration) during the light 464 exercise trials (3.5% body weight loss) than the moderate exercise trials (2.2% body weight 465 loss) trials. We previously reported that the slope of the T es -E V  relation is unaffected by 466 hypohydration (2.5% body weight loss) during prolonged moderate exercise (15). We therefore 467 believe that a change in the degree of hydration has little, if any, effect on the slopes of the 468 T esrelations seen during light and moderate exercise. Moreover, although the effect of 469 hypohydration on the core temperature threshold for hyperventilation has not been examined, 470 during the exercise trials in this study, the T es threshold for hyperventilation was reached at 471 20-35 min, a time when the degree of hypohydration was small and unlikely to have much of an 472 effect. We therefore think that hypohydration had little, if any, effect on core temperature 473 threshold for hyperventilation during exercise. On the other hand, an earlier study found that the 474 difference in the rate of increase in core temperature affected core temperature threshold for 475 hyperventilation during exercise (3.8 vs. 6.3°C･h
) (52). In the present study, the T es threshold 476 for hyperventilation did not differ between the light and moderate exercise trials, despite a 477 significant difference in the rate of increase in T es between those trials (1.8 vs. 4.8°C･h
−1
). In 478 addition, the present results show that although the rate of increase in T es did not differ between 479 the moderate exercise and rest trials (4.8 vs. 4.1°C･h
), the T es threshold for hyperventilation 480 differed significantly between the trials. It is thus unlikely that, in this study, the rate of increase 481 in T es affected the T es threshold for hyperventilation during the exercise and rest trials. 482 The slope of the T esrelation above the T es threshold for hyperventilation differed 483 significantly between the exercise and rest trials. There was also a difference in T difference in the slope of the T esrelation between the exercise and rest trials was caused by 488
Because precooling using cold-water immersion reduces the temperature of active 490 muscles during exercise at a constant workload in the heat (6), there is the possibility that 491 muscle temperatures differed between the exercise and rest trials in this study. In addition, 492 muscle temperatures during exercise vary from site to site (31). Because an elevation in muscle 493 temperature could induce an increase in ventilation, as discussed above, the difference in muscle 494 temperature between the exercise and rest trials could have affected the core temperature-495 relation in the present study. 496 Three of the 12 subjects did not show T es thresholds for increases in in all trials. As 497 for the two subjects who did not show a threshold in the rest trial, we assessed at T es 498 ranging from 36.5°C to 39.0°C, and the sensitivity of to increasing T es was 0.7-0.8 l･ 499
. As in our earlier study where some subjects had no threshold for hyperventilation 500 during passive heating at rest (16), we think that we were unable to detect a threshold because 501 the threshold was above the estimated T es range (>39.0°C) in these subjects. With respect to the 502 one subject who did not show a threshold during the light exercise trial, we assessed at T es 503 ranging from 35.4°C to 39.0°C and found the sensitivity of to be 1.8 l･min
. Taking 504 into account that this subject had a relatively high (56.5 ml/min/kg) and that there was 505 only a slight increase in , as well as the earlier finding that there is a negative relationship 506 between sensitivity to increasing T es during moderate exercise and (23), it is 507 plausible that we were unable to detect an inflection point (i.e., threshold) because of the 508 shallowness of the slope of regression line (the sensitivity of ) above the threshold for 509 hyperventilation in this subject. 510 
Perspectives and significance 512
The physiological significance of hyperthermia-induced hyperventilation in humans 513 remains controversial (11, 53). Although it has been proposed that this hyperventilation is a 514 thermoregulatory response for selectively cooling the brain (50), it reportedly leads to 515 hypocapnia and reductions in cerebral blood flow (16, 22, 41, 42), which would reduce heat 516 exchange in the brain and thus increase brain temperature (43). We believe that by comparing 517 the characteristics of human hyperthermic hyperventilation with two undeniable human 518 thermoregulatory responses, sweating and skin vasodilation, our studies throw additional light 519 onto the physiological significance of human hyperthermic hyperventilation. We found that 520 although exercise reduced T es threshold for hyperventilation and ventilatory sensitivity to 521 increasing core temperature, differences in light and moderate exercise intensities did not lead to 522 corresponding changes in threshold or sensitivity. Earlier studies found that exercise does not 523 shift either the T es threshold for sweating (29, 30, 32) or the sensitivity of the sweat response to 524 increasing core temperature (29, 32), whereas exercise can increase T es threshold for skin 525 vasodilation without a change in the sensitivity of skin vasodilation (29, 30, 36). It was also 526 shown that although the T es threshold for sweating does not differ between light and moderate 527 exercise, the sensitivity of the sweat response increases more during moderate exercise than 528 light exercise (33, 40). The T es threshold for skin vasodilation is higher during moderate 529 exercise than light exercise, but the sensitivity of skin vasodilation did not differ between light 530 and moderate exercise (33, 36). We therefore suggest that the characteristics of hyperthermic 531 hyperventilation differ from those of sweating and skin vasodilation. Furthermore, our finding 532 that the degree of hyperthermic hyperventilation and the resultant decrease in P ETCO2 (Fig. 4D ) 533 differ substantially between rest and prolonged light or moderate exercise, which could have 534 important implications for understanding the effect of hyperventilation on the regulation of 535 cerebral blood flow during passive heating at rest (7, 41) and during exercise in the heat (22). 536 537
Conclusion 538
In summary, the core temperature threshold for hyperventilation and the hyperventilatory 539 sensitivity to increasing T es (the slopes of the T esrelation) above the threshold were 540 significantly lower during moderate exercise (50% ) than during passive heating at rest. 541 Furthermore, neither the threshold nor the sensitivity differed between prolonged light (25% 542
) and moderate exercise (50% ). These results suggest that hyperthermic 543 hyperventilation in passively heated subjects differs from that in exercising subjects, 544 irrespective of whether the exercise is moderate or light. 545 subjects remaining at the corresponding times. R 1 and R 2 are defined as in Figure 1 . ) and moderate (50% ) exercise and during passive heating at rest in 9 subjects 717 
